In this paper, we study the anomalous flavor changing neutral current Yukawa interactions between the top quark, the Higgs boson, and either an up or charm quark (tqH, q = u, c). We probe these couplings in e − p → ν et → ν e Hq and the channel e − p → ν e Hb. Both channels are induced by charged current interactions through e − p collision at the Large Hadron Electron Collider(LHeC). We study the signatures with the Higgs decay modes H → γγ, bb and τ + τ − . Our results show that the flavor changing couplings κ tqH can be probed down to a value of 0.0162 in e − p → ν et → ν e Hq with H → bb at a 14 TeV LHeC with a 150 GeV electron beam and 200 fb −1 luminosity. This value of the coupling corresponds to the branching ratio Br(t → qH) = 1.34 × 10 −4 .
Introduction
The discovery of the Higgs boson at the Large Hadron Collider(LHC) [1] [2] is a major step towards understanding the electroweak symmetry breaking (EWSB) mechanism and marks a new era in particle physics. In order to ultimately establish the nature of the Higgs, a precise measurement of the Higgs couplings to fermions and gauge bosons as well as the Higgs self-coupling is needed. These precision measurements will be some of the most important tasks for experiments at the LHC and the future colliders. The mass of the top quark is heavier than that of the observed Higgs boson, which makes the top quark flavor changing neutral current(FCNC) processes t → qH(q = u, c) kinematically accessible. In the SM, processes that are induced by FCNC in top quark production or decay are extremely suppressed by the Glashow-Iliopoulos-Maiani(G.I.M.) mechanism [3] according to SM computation, with decay rates of the order of 10 −10 or be- [18] , Little Higgs with T parity (LHT) [19] , etc, could enhance the FCNC rates by several orders of magnitude, thus making them detectable using current experimental data. Therefore, studying the top-Higgs FCNC interactions is important both from a theoretical as well as an experimental perspective.
Up to now, the searches for t → qH have been investigated experimentally at the LHC which gives the strong limits on the top-Higgs FCNC couplings. Among them, the most stringent constraint of Br(t → cH) < 0.56%, Br(t → uH) < 0.45% at 95%
confidence level (C.L.) was reported by the CMS collaboration from a combination of the multilepton channel and the diphoton plus lepton channel [20] . While an upper limit is set on the t → cH branching ratio of 0.79% at the 95% confidence level by the ATLAS . This is almost a thousand times higher than HERA's luminosity, which gives the LHeC the potential of a precision measurement Higgs production facility and enables a very large variety of new measurements and searches to be conducted. Typically we choose two channels to study the anomalous FCNC Yukawa interactions at the LHeC. One is the channel e − p → ν et → ν e Hq with q = u, c and the other is the channel e − p → ν e Hb. Both channels are charged current (CC) interaction processes induced through e − p collision at the LHeC.
Our paper is organized as follows: we build the calculation framework in Section 2 including a brief introduction to the anomalous flavor changing tqH couplings and our selected production channels. Section 3 is arranged to present the numerical results as well as the signal and background analysis. Typically, the H → γγ, bb, τ + τ − decay modes are taken into account. In Section 4 we present bounds on anomalous tqH couplings at the future LHeC. Finally we summarize our conclusions in the last section.
Calculation Framework

Flavor Changing tqH Couplings
Considering the FCNC Yukawa interactions, the SM Lagrangian can be extended simply by allowing the following terms,
where the real parameters κ tuH and κ tcH denote the flavor changing couplings of Higgs to up-type quarks. Now we have m t − m h larger than m c , m u , m b . In addition to the usual top decay mode t → W ± b, the top quark can also decay into a charm or up quark associated with a Higgs boson. Therefore, the total decay width of the top-quark Γ t is
The decay width of the dominant top quark decay mode t → W − b at the LO and the NLO could be found in ref [34] . It is given below
where 
where
. The leading order branching ration for t → qH is then given by
Here 
where Γ SM H is the normal Higgs decay width in SM. While other terms related to the Higgs boson three-body decays are numerically estimated following ref [23] .
The stringent constraints on the anomalous FCNC couplings are set exploiting the experimental data of the CMS and ATLAS Collaborations [20] [21] [22]. Theoretically, many other phenomenological studies are performed based on these experimental data. The analysis of ref [24] emphasizes the importance of anomalous single top plus Higgs production at the LHC deriving the 95% C.L. upper limits Br(t → cH) < 0.15% and Br(t → uH) < 0.19%. Ref [25] studies the single top and Higgs associated production pp → tHj in the presence of top-Higgs FCNC couplings at the LHC, giving the upper limits as Br(t → qH) < 0.12%, Br(t → uH) < 0.26% and Br(t → cH) < 0.23% with an integrated luminosity of 3000 fb −1 at √ s = 14TeV. Ref [26] quotes a 95% C.L. limit Sensitivity in the tt → Wb + hq → ℓνb + ℓℓ(γγ)q final state of Br(t → qH) < 5(2) × 10
with an integrated luminosity of 300(3000) fb −1 at √ s = 14 TeV. As can be seen the upper limits on the flavour changing top quark decays can be significantly improved as expected at a High Lumi(HL)-LHC. Ref [27] derives model-independent constraints on the tcH and tuH couplings that arise from the bounds on hadronic electric dipole moments.
Refs [28] and [29] 
The Processes
Now we turn to study the selected production processes where the effect of the flavor changing couplings could be significant. The first channel we will consider is e − p → ν et → ν e Hq production. The parton level signal process at the LHeC can be expressed as
e
with q = u, c and p i are the four-momentum of initial and final particles, respectively. The where c is some related constants. The parent level signal process e − p → ν e Hq + X, the kinematic distributions and integrated cross sections can then be obtained by convoluting the parton level process with the parton distribution function (PDF) [36] of quark in the proton,
where √ŝ = 2 xE e E p is the center-of-mass(c.m.) colliding energy and x is the momentum fraction of anti-b quark from proton. The second channel we considered is e − p → ν e Hb production. The parton level signal process at the LHeC can be expressed as
The Feynman diagram for the partonic process is depicted in Fig.2 . The FCNC top-Higgs Yukawa couplings are deduced from the initial state u(c)-quarks from the proton collision with the anti-top quark from the Wtb coupling. Similarly, the parent level signal process e − p → ν e Hb + X is present as
where q = u, c and √ŝ is again the c.m. colliding energy at the LHeC.
Charged Current and Neutral Current Production at the LHeC
The two channels e − p → ν et → ν e Hq and e − p → ν e Hb that we have presented are charged current (CC) processes where the CC production leads to a top-beauty associated production through W − boson emission from the initial electron. In addition to CC production, the flavor changing Yukawa couplings can also be produced through neutral current (NC) productions. In NC it gives rise to pair production of top-antitop quarks from a neutral photon/Z boson emission from the initial electron. A comparison of the cross sections of these CC and NC production channels including the anomalous FCNC top-Higgs Yukawa couplings is presented in Tab.1. Here the input parameters and the very basic kinematical cuts will be presented in our following discussion.
( From Tab.1, we see that the largest production is CC e − p → ν et → ν e Hq production.
For κ tuH = 0.1 it is more than 10 times larger than the sum of the other channels. Different from the CC production which leads to a top-beauty final state, the NC production gives rise to pair produced top-antitop quarks. The NC productions are small, but still sizeable at the LHeC especially when the polarized electron beam is considered. Furthermore, in sharp contrast to the LHC, the absence of pile-up and underlying event effects at the LHeC, high rates of single anti-top production is expected to providing a better insight through these production channels. The rapidity distributions of the Higgs boson through different channels are given in Fig.3 . In our paper, we only consider the CC interactions which dominate over all the other production mechanisms. This includes e − p → ν et → ν e Hq and e − p → ν e Hb channels. Looking at Tab.1, we also find that the cross section of the former channel is larger than that of the latter one by roughly a factor 0.01 3 Results
Input Parameters
We take the input parameters as [37] α ew (m 
Kinematic Cuts
The event reconstruction is still based on a parameterised, generic LHC-style detector.
The general acceptance cuts in the lab frame for the events are: is the missing transverse momentum. We stress here that cuts in Eq.(11) are the very basic ones and might be changed later in our following discussion. 
Decay Modes and Backgrounds
with q = u, c. Since in our calculation we take the anomalous FCNC couplings to be κ tuH = 0.1 and κ tcH = 0 for simplicity, only q = u contributes. Higgs decays to pairs of photons are simulated using MadGraph [41] where the implementation of the effective Hγγ interaction is adopted [42] . For simplicity one can also multiply the production cross sections with the Higgs branching ratio corresponding to the final state. As can be seen, in this case, the studied topology of our signal gives rise to the jet + / E T + diphoton signature characterized by one jet, a missing transverse momentum ( / E T ) from the undetected neutrino and a diphoton signal appearing as a narrow resonance centered around the Higgs boson mass. The irreducible background comes from the SM process e − p → ν e γγq which yields the identical final states with the signal. These backgrounds mainly come from the production of W boson with double photon production through WWγγ, Wγγ couplings or through WW → H → γγ decay associated with jet emission. The others come from jet production associated with emission of photons. In order to obtain the anomalous FCNC tqH coupling effects, we need to simulate all the signal contributions precisely together with these irreducible backgrounds as well as their interference. The total cross section for these reactions thus can be split into three contributions
where a 0 is the SM prediction, the term a 1 linear in κ tuH arises from the interference between SM and the anomalous amplitudes, whereas the quadratic term a 2 is the selfinterference of the anomalous amplitudes. Potentially reducible backgrounds come from various other SM processes that yield different final states which are attributed to the jet + / E T + diphoton signature due to a misidentification of one or more of the final state objects. For example, two light jets production with both jets faking a diphoton pair, one jet one photon associated production with one jet faking a photon or leptons faking photons, etc. The background arising from e − p → ν eνe e − γj is smaller than 1 percent of signal after applying all cuts and taking rejection factors into account. We consider all these contributions and take the jet faking a photon rate to be 0.001, the electron faking photon rate to be 0.062 [43] during data analysis. Although the γγ decay channel has a small branching ratio, it has the advantage of good resolution on the γγ resonance and is also free from the large QCD backgrounds. Typically, we use a narrow invariant mass window |m γγ − m H | < 5 GeV to further reduce the non-resonant backgrounds as well as the jet such that the invariant mass of jγγ system to be near mass of the top quark, say, dσ dp dσ dp We define some sets of kinematical cuts as bellow:
• Cut I means the basic cuts present in Eq.(11);
• Cut II means the basic cuts plus 25 < / E miss T < 300GeV, 25 < p In our analysis, we assume a b-jet tagging efficiency of ǫ b = 60% and a corresponding mistagging rate of ǫ light = 1% for light jets (u, d, s quark or gluon) and ǫ c = 10% for a c-jet, consistent with typical values assumed by the LHC experiments [44] . For this decay mode, we take Cut I, III, IV the same while Cut II to be the basic cuts plus
T < 140GeV and ∆R(bj) < 4. For the background production, we also need that the special cut for ν eb jj, ν ebc j, etc, with the light jets system not belongs to the range [m W − 10, m W + 10] GeV. This cut will not affect the signal much but it will reduce the background obviously. Finally we get the signal and total background to be 13 fb and 3.02 fb, respectively, and we get the signal background ratio to be 4.3. The final cross section can be written as σ total = 2.87 × 10 −3 + 7.68 × 10 −3 κ tuH + 1.24κ With the four lists of cuts, we take Cut I, III, IV the same while Cut II to be the basic cuts
and ∆R(ℓj) < 4. The total cross section can be parametrised as σ total = 3.96 × 10 −4 + 1.30 × 10 −3 κ tuH + 2.13 ×
. The cross sections of the above decay modes are presented in Tab.2 with different sets of cuts. We see that the H → γγ decay mode provides the smallest signal since the branching ratio of H → γγ is quite small. By applying the cuts, the background can be reduced to the same level. For the H → bb, τ + τ − decay modes, the signal can be 5 times larger than the backgrounds, thus making the signal over background around 5
for κ tuH equal 0.1. The distributions of the signals and backgrounds are similar to Fig.4 and we therefore do not display them.
We apply the similar method to e − p → ν e Hb production Channel. However, due to the critical large backgrounds, we use much harder cuts instead: For H → γγ decay mode, Cut I still means the very basic cuts present in Eq. (11); Cut II means Cut I plus We see that in order to test the anomalous tqH coupling, the best choice of decay mode through e − p → ν e Hb channel is H → bb. Though its cross section is much smaller than that of the one in e − p → ν et → ν e Hq channel with associated bb decay mode, its signal over background ratio is not small. However, its cross section is small after the critical set of Cut IV which makes the detection a challenge. By a simple fit we get σ total = 5. We follow refs [45] [46] exactly to obtain the sensitivity limits. Typically, the limits are achieved by assuming the number of observed events equal to the SM background prediction, N obs = σ B × L × ǫ, with L for a given integrated luminosity and ǫ the detection efficiency. σ B is the cross section of SM background prediction. As can be seen, the SM background events can be less or larger than 10 for different values of the luminosity. We thus estimate the sensitivity limits on the anomalous tqH coupling through both channels by using two different statistical analysis methods depending on the number of observed events N obs . For N obs ≤ 10, we employ a Poisson distribution method. In this case, the upper limits of number of events N up at the 95% C.L. can be calculated from the formula
Values for limits candidate N up can be found in Ref. [37] . The expected 95% C.L. limits on κ tqH can then been calculated by the limits of the observed cross sections. The integrated luminosity L will be taken as a running parameter. For N obs > 10, a chi-square (χ 2 ) analysis is performed with the definition
where σ tot is the cross section containing new physics effects and δ = 1 √ N is the statistical error with N = σ B × L × ǫ. The parameter sensitivity limits on anomalous tqH coupling as a function of the integrated luminosity can then be obtained.
In Fig.5 corresponding to the branching ratio Br(t → qH) = 1.604%, Br(t → qH) = 0.252%, Br(t → qH) = 0.308%. Thus, we apply higher luminosity for the latter channel, see, reaching to 1000 fb −1 . Then the research limits change to 0.118, 0.0468 and 0.0518 for κ tuH , which corresponds to 0.713%, 0.112%, 0.137% for the branching ratio. We can see that the LHeC sensitivity to the coupling κ tuH is much improved by using e − p → ν et → ν e Hq channel. And for different decay modes, H → bb is best one for both channels.
In Tab.4, we give the Br(t → qH) for different decay modes for both channels at 
Summary and Conclusion
In this paper, we have investigated the anomalous flavor changing neutral current (FCNC)
Yukawa interactions between the top quark, the Higgs boson, and either an up or charm quark (tqH, q = u, c). We choose the channel e luminosity. From CMS and ATLAS Collaborations, we get the most stringent constraint of Br(t → cH) < 0.56%, Br(t → uH) < 0.45% at 95% confidence level (C.L.) [20] . Thus, we can see that our results shows a strong (above 30 times) improvement from experiments.
When comparing with the other phenomenological studies, we can see that the LHeC sensitivity our results for Br(t → qH) is smaller than the sensitivity limits of LHC as Br(t → qH) < 5(2) × 10 −4 with an integrated luminosity of 300(3000) fb −1 at √ s = 14TeV [26] . Furthermore, our results are comparable with those of other studies, such as refs [24] [25] . For example, ref [24] obtains the sensitivity bound of about 0.1−0.3% through different search channels for an integrated luminosity of 100fb −1 at the √ s = 13 TeV LHC data.
